Oriented inclusions of monazite occur in the dark core of apatite porphyroblasts in a muscovite schist from the Archaean Hemlo gold deposit, Ontario, Canada. The monazite inclusions are elongated along the b-axis and parallel to the c-axis of the apatite host; the complete orientation relationship of the monazite/apatite intergrowth is bMnz//cAp, cMnz//aAp. From analysis by SIMS and EMP, the dark core of the apatite porphyroblasts is depleted in LREE (LaN/YbN = 0.56). The monazite inclusions are correspondingly enriched in LREE, but markedly depleted in HREE, compared with monazite grains in the rock matrix and cross-cutting veins. The monazite inclusions precipitated by oriented reaction through rock-fluid interactions during a late hydrothermal alteration. Their unusual REE composition is probably related to both a preferential leaching of LREE from the dark core and a selective transfer of HREE out of the apatite porphyroblasts.
Introduction
ORIENTED intergrowths of rare earth minerals are not uncommon (Mariano, 1989) ; the 'syntaxy' or 'polycrystals' of bastn~isite, parisite, rrntgenite and synchisite are perhaps the best-known examples (Donnay and Donnay, 1953; Van Landuyt and Amelinckx, 1975) . The structure of apatitegroup minerals [Ca5(PO4)3(OH, F, C1)] accommodates a variable quantity of rare earth elements (REE) as isomorphous substitutions for Ca (Deer et al., 1962; Fleischer and Altschuler, 1986; Roeder et al., 1987; Ronsbo, 1989; Hughes et al., 1991) . Atomic substitution by REE is usually represented as either Ca 2+ + pS+ = REE 3+ + Si 4+ or 2Ca 2+ = REE 3+ + Na + (Ronsbo, 1989) . Additionally, apatite commonly contains inclusions of rare earth minerals (e.g. bastnfisite and monazite) and REE-bearing minerals (e.g. xenotime and zircon; cf. Deer et al., 1962; /kmli, 1975; Boudreau and McCallum, 1990 ). In particular, Amli (1975) reported that elongated prismatic grains of xenotime in apatite from the Gloserheia granite pegmatite from southern Norway are oriented with the caxis parallel to the c-axis of the host. More generally, Amli (op. cit.) also noted elongated
Occurrence and petrography
The monazite/apatite intergrowth was observed in a muscovite schist from the Highway zone of the Golden Sceptre Resources Limited property, which is part of the diffuse westward extension of the Hemlo gold deposit (Pan and Fleet, 1991a; 1992) . The pleochroic apatite was observed in a staurolite-bearing metapelite from the hanging-wall of the Golden Giant mine at the Hemlo deposit (cf. Goad, 1987) . The Hemlo gold deposit is located approximately 35 km east of Marathon, Ontario, Canada, contains approximately 80 Mt of ore with an average grade of 7.7 g/t Au (Harris, 1989) , and hosts the three biggest gold mines currently in production in Canada, namely the Williams mine, the Golden Giant mine and the David Bell mine.
The Hemlo gold deposit is situated within the late Archaean Hemlo--Heron Bay greenstone belt which is comprised predominantly of a sequence of highly metamorphosed and deformed sedimentary and volcanic rocks. All supracrustal rocks of the Hemlo-Heron Bay greenstone belt have been subjected to a complex history of deposition, deformation, metamorphism, magmatism and hydrothermal alteration (Corfu and Muir, 1989; Pan and Fleet, 1991a; 1992 and references therein). The peak regional metamorphism at the Hemlo gold deposit reached middle amphibolite facies conditions (Pan and Fleet, 1991a) . Hydrothermal alteration following the peak regional metamorphism at the Hemlo gold deposit included an intensive and extensive potassic event (Pan and Fleet, 1991a; 1992) , dated by Masliwec etal. (1986) at 2671 • 5 Ma, and a late calc-silicate alteration (Pan and Fleet, 1991a; 1992) .
The muscovite schist exhibits a well-developed schistosity, defined by both a preferred orientation of micas and an alternation of micaceous and quartzofeldspathic layers, and is composed of muscovite, quartz, plagioclase, microcline, biotite, apatite, monazite, tourmaline, and pyrite. Similar to many other ore-bearing rock types of the Hemlo gold deposit (Pan and Fleet, 1991a) , the muscovite schist contains large deformed quartz and partly altered oligoclase grains (commonly referred to as quartz and oligoclase 'eyes' by local geologists), which have been interpreted to be relict phenocrysts (Pan and Fleet, 1991a) . Several cross-cutting veins (< 1 cm wide) of quartz, with accessory calcite, pyrite, apatite, and monazite, are also present in the muscovite schist.
The monazite/apatite intergrowths are generally restricted to a single quartz-rich layer about 0.5 cm wide and occur as porphyroblasts of various sizes (up to i mm in diameter) surrounded by a fine-grained, foliated, micaceous groundmass (a typical 'augen' texture; Fig. la) . The apatite porphyroblasts are commonly stubby {1010} prisms and are characterised by an obvious zonation with a dark inclusion-filled core and a narrow clear margin (Fig. la) . Several apatite porphyroblasts also have late fractures filled in by clear apatite.
Acicular, oriented inclusions along the {1010} cleavage partings of the apatite porphyroblasts are unevenly distributed within the dark core and are readily observed by optical microscopy ( Fig.  lb) and back-scattered electron imaging (Fig. lc) . These inclusions commonly represent no more than 1 modal % of the apatite porphyroblasts and are generally less than 1 pm in width but may exceed 100 ~tm in length. X-ray diffraction studies and EMP analysis established that they are monazite. Some EMP analyses are consistent with rhabdophane (see below), but this is not confirmed by X-ray diffraction. Grains of a REE phosphate (believed to be either monazite or rhabdophane) are also present along fractures across the dark core (Fig. lc) . No rare earth mineral inclusions were observed in the clear areas (margin and fractures) of the apatite porphyroblasts. Other minerals, such as quartz and plagioclase, are present as inclusions in all parts of the apatite porphyroblasts but are apparently randomly distributed.
Apatite in the staurolite-bearing metapelite from the hanging-wall of the Golden Giant mine occurs in both the rock matrix ( Fig. ld) and as mineral inclusions within staurolite porphyroblasts and is also characterised by a dark (almost opaque) core and a clear rim (Fig. ld) . A few minute rod-like inclusions are present in the dark core but rare earth mineral inclusions have not been confirmed. The dark core of these apatite grains is pleochroic, and its boundary follows crystal growth outlines (Fig. ld) .
Monazite is also present as small isolated grains in the matrix and cross-cutting quartz veins of the muscovite schist, and has been found to be a common but minor phase in both the matrix and cross-cutting veins in other ore-bearing rock types of the Hemlo gold deposit. However, rhabdophane is absent in the matrix and cross-cutting veins of the muscovite schist.
Crystallographic orientation
Weak 120 reflections of monazite were evident in zero-level, a-axis precession films of apatite grains removed from polished thin-sections (Fig.  2) . Monazite 200 reflections were also present, but partly obscured by a white radiation streak. Monazite 120 reflections were not equally intense for all equivalent orientations about the c*-axis of apatite, suggesting that equivalent orientations of the intergrowth were not equally developed. Also, grains oriented by X-ray precission and then examined microscopically using a spindle stage revealed that the acicular monazite inclusions tend to be flattened normal to the bMnz, cMnz plane. Thus, the monazite inclusions are elongated along the bMnz-axis (parallel to the c-axis of the apatite host), and are marginally flattened in the (100) Mnz plane. Typical, isolated monazite crystals do tend to be flattened on (100), but are generally more elongated along the c-axis rather than the b-axis. However, the shape of the present acicular inclusions is not inconsistent with the cleavage and growth habits of monazite (cf. Deer et al., 1962) .
Chemical compositions
Major element compositions of apatite and monazite, including REE in the latter, were determined using a JEOL JXA-8600 Superprobe fitted with four automated wavelength-dispersive spectrometers, at the University of Western Ontario (UWO). Operating conditions included an accelerating voltage of 25 kV, a beam current of 20 nA, beam diameter of 2-5 ~tm, 20s counts, and minerals and synthetic glasses as standards (cf. Pan and Fleet, 1990; 1991b) . REE in apatite were analysed by secondary ion mass spectrometry (SIMS) using the C A M E C A IMS 3f instrument at Surface Science Western, UWO. The same polished thin sections used for EMP analyses were used here, but coated with approximately 400/~ of gold rather than carbon. For all analyses, the 160-primary beam was mass filtered, accelerated by 12.5 kV and focused to produce (over the total run time per spot of 26.7 minutes) a sputter crater measuring approxima- tely 50 ~tm at the sample surface. Positive secondary ions were accelerated through a nominal 4.5 kV sample voltage, offset by -400 V. This extreme energy offset was chosen after noting evidence of molecular interferences [probably from F with light REE (LREE)] on the heavy REE (HREE) masses using the regular -100 V offset. Several analyses were then completed using the 'specimen isolation' (SI) technique, proven to eliminate molecular ions from nonconductive samples from spectra in the REE range (see MacRae, 1987; MacRae et al., 1993) . Because we required a primary beam size much less than that produced during SI analyses, we chose to retain the conventional analytical technique but increase the secondary ion offset voltage to a value where no evidence of interference was noted (i.e. values and trends comparable to those of SI analyses); this occurred at -400 V. Other instrumental parameters were identical to those documented in MacRae et al. (1993) . We counted for 20 seconds at each of the following masses: 42, 139,140,146,149,151,153, 156, 158, 161, 162, 163, 167, 174, and 175. Backgrounds were checked at mass 174.5 and proved completely negligible, thus no back-Y. PANETAL. ground corrections were made. All intensities were corrected for isotopic abundances and normalised to Ca (analysed at mass 42) to correct for any instrumental variations. Because of the very large voltage offset, no molecular interference corrections were needed, and those very small interferences of Dy on Gd (at masses 156 and 158) were ignored. A similarly small overlap of Er on the Dy peak at 162 prompted us to average determinations from 161 and 163 for Dy and ignore 162.
Although intensities were measured for 5 cycles at each spot, data from only the last three were used in order to ensure steady state sputtering conditions. Precision for all intensity ratios was estimated to be better than 10%. REE/Ca values for the samples were standardised using the wellknown apatite from Durango, Mexico, and the analyses recorded by Roelandts (1988) and Brunfelt and Roelandts (1974) . The SIMS analytical craters were subsequently located by optical microscopy and back-scattered electron imaging in order to ensure that the analysed areas were indeed on the previously selected spots and remote from included phases.
Apatite. Representative combined EMP/SIMS compositions of apatite are given in Table 1 . All apatites from the Hemlo gold deposit, including the zoned porphyroblasts of this study, are fluorapatite (Table 1; cf. Pan and Fleet, 1991a) . The dark core of apatite porphyroblasts is apparently enriched in minor elements, such as Si, Mn, Fe, and Y, compared with the clear areas (margin and along fractures). However, minor amounts of Ba and Sr are present in both the dark core and the clear areas of the apatite porphyroblasts (Table 1) . Apatite in the staurolite-bearing metapelite is also characterised by minor amounts of Ba and Sr (Table 1 ). These two elements are known to be anomalously concentrated in the Hemlo gold deposit (Harris, 1989) and its vicinity (Pan and Fleet, 1991c) . Fig. 3a shows that the dark core of the apatite porphyroblasts from the ore zone has a convexupward chondrite-normalise REE pattern with a small positive Eu-anomaly [~n(EuN/EuN*) = 0.23, where EUN* = (SmN*Gdr~)~ A moderate depletion of LREE over HREE is indicated by LaN/YbN = 0.56. Unfortunately, an independent analysis for the small clear areas (margin and along fractures) of the apatite porphyroblasts was not possible due to the relatively large beam size of the present SIMS analysis. An overlapped SIMS spot with the dark core and clear margin at approximately 1:1 modal proportion yielded a similar convex-upward chondrite-normalised REE pattern but considerably lower absolute Ce  430  350  690  280  Nd  630  500  590  380  Sm  220  180  160  130  Eu  79  69  24  22  Gd  170  150  120  130  Dy  210  170  190  200  Er  94  73  85  92  Yb  ii0  76  90  76 i, dark core of apatite porphyroblast from ore zone; 2, clear margin of apatite porphyroblast from ore zone; 3, dark core of apatite in metapelite from hanging wall; 4, clear margin of apatite in metapelite from hanging wall; wt. %, weight percent; nd, not determined; t, REEs by SIMS in parts per million (ppm); ~ overlapped core-margin spot in apatite porphyroblast; b, overlapped core-margin spot in apatite in metapelite.
REE abundances, as compared to the dark core (Table 1 ; Fig, 3a ). This may indicate that the clear areas of the apatite porphyroblasts have much lower REE concentrations than the dark core. Fig. 3b shows that the pleochroic core of apatite grains in the staurolite-bearing metapelite has a slightly LREE-enriched (LaN/Ybrq = 1.8) pattern with a negative Eu-anomaly [Yn(EuN/EUN*) = --0.63]. An analysis on an overlapped SIMS spot with the dark core and clear margin at approximately 3:1 modal proportion again yielded a much lower total REE content (mainly in LREE), resulting in a LREE-depleted pattern (LaN/YbN = 0.62) with a negative Eu-anomaly [3?n(EuN/ EUN*) = --0.68].
Monazite. Representative EMP analyses of monazite are given in Table 2 , and the REE compositions are reproduced in Fig. 4 : analyses of monazite inclusions were obtained on grains 5-10 ~tm wide. Isolated grains of monazite in the rock matrix and cross-cutting veins are identical in chemical composition, including REE, and are characterised by minor amounts of Y and Th (Table 2) . However, monazite inclusions within the apatite porphyroblasts differ significantly from these isolated grains not only in minor elements, such as CaO, Y203 and ThO2, but in REE composition as well. The former (inclusions) contain apparently higher CaO but lower Y203 and ThO 2 contents than the latter and are characterised by an unusual LREE-enrichment and a marked depletion in HREE (Fig. 4) , whereas the isolated grains of monazite in the matrix and cross-cutting veins are also LREEenriched but are only moderately depleted in HREE (Fig. 4) . Several inclusions in the apatite porphyroblasts of the muscovite schist yielded EMP results with a monazite-type YREEIP atomic proportion (i.e. 1:1) but much less than 100% in oxide totals (Table 2) . These results are either related to analytical difficulties due to the extremely small grain size or represent a hydrous phase, possibly, rhabdophane (REEPO4.H20). However, as noted above, X-ray single-crystal precession and powder diffraction studies failed to detect rhabdophane or any other REEPO4.nH20 mineral in the apatite porphyroblasts.
Discussion and conclusions
Monazite/apatite intergrowth. As discussed in Fleet (1982) and Fleet and Arima (1985) , the dominant factors controlling the shape and orientation of crystalline precipitates and replacement products in minerals is minimisation of interfacial energy. Thus, oriented inclusions tend to have either a topotactic relationship with the matrix phase or an orientation which minimises the dimensional misfit between the strain-free lattices at the phase boundary. The nomenclature of oriented intergrowths was reconsidered by Bernal and Mackay (1965) . They suggested that the term 'topotaxy' should be restricted to an intergrowth of two or more phases with mutual, threedimensional orientation, when it is suspected that dimensional and structural correspondences in the three axial directions also exist. Lattice coherence is not required. Unfortunately, there are numerous intergrowths involving precipitates and replacement products which have mutual, three-dimensional orientation but lack the requisite dimensional and structural correspondences in all three axial directions. Such intergrowths are commonly also referred to as 'topotactic' (e.g. Fleet and Arima, 1985; Shau et al., 1991) . In the absence of specific terminology, we will refer to these intergrowths as 'topotactic-like'. As noted in Fleet and Arima (1985) , topotaxy involves a shared structural element and therefore topotactic phase boundaries are usually rational planes. Their orientation is independent of the precise values of the strain-free lattice parameters. On the other hand, phase boundaries defined by minimisation of lattice misfit are, in general, irrational, and their orientation is sensitive to change in lattice parameters through change in temperature, pressure, composition, and so on. Dimensional (lattice) misfit boundaries may be either coincident or simply optimal, and have indices (hk~) common to both lattices (Fleet, 1982) . They are more characteristically associated with a matrix phase of low symmetry (triclinic and monoclinic), whereas topotactic boundaries are associated with a matrix phase of higher symmetry. Thus, magnetite inclusions in augite were observed to have coincident phase boundaries (Fleet et al., 1980) and to be completely analogous to the more familiar intergrowths of isomorphous monoclinic chain silicats (e.g. Robinson et al., 1977) . However, where the matrix phase is cubic, as in the recently reported chlorite/chromite intergrowth (Fleet et al., 1993) , previous experience suggests that the intergrowth orientation should be controlled by topotaxy.
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This is readily demonstrated by the lack of close dimensional correspondence between equivalent lattices of the two phases and by the absence of lattice rotation.
Oriented intergrowths with a topotactic phase boundary frequently involve a shared structural element as an important feature in the interface structure. As in the chlorite/chromite and chlorite/olivine intergrowths (Fleet et al., 1993) , this is commonly a layer of closest-packed anions. However, in topotactic-like intergrowths the interface structure is not always readily apparent and, in cases where no structural similarity is evident, may not be extensively present; that is, the actual phase boundary may be more like a sub-grain or grain boundary. This may be illustrated by the recent study of oriented rutile and titanite inclusions in sagenitic biotite (Shau et al., 1991) . Rutile needles have a single preferred orientation related to the pseudohexagonal symmetry of the biotite host, and the two coexisting phases share nearly closest-packed anion layers and chains of edge-sharing octahedra. However, titanite inclusions exhibit several (non-equivalent) preferred orientations (one being dominant), and titanite does not have well-defined structural features in common with biotite.
Using unit-cell parameters for monazite and synthetic fluoroapatite from the JCPDS file, bMnz = 6.97 A and cAp = 6.88 A, whereas cMnz = 6.48 A and (2/3)aAp = 6.25 A. There is thus a poor correspondence between the lattices of monazite and apatite in the plane of the interface, particularly along cMnz, aAp. Additionally, there is no latticed rotation.
The only similarity in the crystal structures of monazite and apatite in the orientation of the intergrowth is in the layering of the phosphate groups normal to the b-axis of monazite and c-axis of apatite; there being two layers per structural repeat in each structure. The lack of equivalent structural features is perhaps not too surprising in view of the different stoichiometries of monazite and apatite, Ce3(PO4) 3 and Cas(PO4)3(OH), respectively, and the absence of dominant closestpacked layers of anions in either structure.
Hence, the monazite inclusions appear to have been nucleated one-dimensionally from the favourable structural repeat along the c-axis of apatite. This would explain their pronounced baxis elongation. We would not anticipate a welldeveloped interface strucure in the interface plane (b, c of monazite), and it is probably no coincidence that the monazite inclusions are associated with a good {1010} cleavage in the apatite host crystals. In summary, the monazite inclusions have precipitated by oriented reaction, but the monazite/apatite intergrowth is not rigorously topotactic.
Origin of monazite inclusions. ~mli (1975) suggested that xenotime and monazite inclusions in apatite from the Gloserheia granite pegmatite, Norway formed by exsolution, possibly accompanied by metasomatism. He observed that xenotime inclusions in apatite differ in REE composition from other xenotimes and that the apatite close to xenotime inclusions is depleted in REE.
An igneous protolith is suggested for the muscovite schist of the ore zone at the Hemlo gold deposit, based on the well-preserved quartz and oligoclase phenocrysts and trace-element geochemistry (cf. Pan and Fleet, 1991a) . However, the apatite porphyroblasts in the muscovite schist appear to have crystallised during the peak metamorphism of the region, because of their restricted occurrence within a quartz-rich band, the typical 'augen' texture, and the occurrence of similar zoned grains in close association with staurolite porphyroblasts in metapelite of the hanging-wall. Corfu and Muir (1989) obtained a 2~176 age of 2670 Ma for apatite in an altered diorite dyke from the Hemlo gold deposit. The clear areas (margin and fracture filling) of the apatite porphyroblasts of this study are almost certainly overgrowths formed late in the paragenetic sequence, and possibly during the late calc-silicate alteration associated with the gold mineralization, as clear apatite is a common minor phase in cross-cutting veins (Pan and Fleet, 1991a; 1992) . The formation of rare earth minerals, such as allanite, monazite, and synchiste, in the matrix and cross-cutting veins of the Hemlo gold deposit has been previously suggested to represent a local remobilisation and concentration of REE during the late calc-silicate alteration event (Pan and Fleet, 1991a; 1991b; 1992) . The oriented inclusions of monazite in apatite porphyroblasts may also have crystallised during this late hydrothermal event. The low U and Th contents of all monazites of this study (Table 1) are indeed consistent with a hydrothermal origin (cf. Burnotte et al., 1989) . Additionally, the absence of rare earth mineral inclusions in apatite from the hanging-wall of the Golden Giant mine indicates the importance of hydrothermal fluid in the formation of monazite inclusions in apatite porphyroblasts within the ore zone. Corfu and Muir (1989) The common occurrence of apatite in crosscutting veins and as a clear margin to apatite porphyroblasts indicates that Ca 2 § and pS+ were readily available in the hydrothermal fluid, and a partial dissolution of the apatite porphyroblasts (cf. Pan et al., 1993) would contribute p5+ (and Ca 2+) directly to the fluid for the formation of monazite inclusions. Other mineral inclusions, such as plagioclase, can also be included in the present reaction if additional constituents (e.g. AI) in apatite are taken into account.
It has long been known that secondary monazite forms during weathering from the release of REE from apatite and other minerals (Lottermoser, 1988; Mariano, 1989) . The latter suggested that this involved an early stage of crystallisation of a hexagonal phase REE-PO4.nH20 (rhabdophane ?) followed by a late dehydration causing a conversion to anhydrous monoclinic monazite. The possible presence of a REEPO4.nH20 phase in the apatite porphyroblasts of this study indicates similar processes may have been operative for the formation of acicular inclusions of monazite.
REE distribution. Published REE analyses (Fleischer and Altschular, 1986) (Pan and Fleet, 1991a ). As noted above, the pleochroic apatite in staurolite-bearing metapelite is characterised by a slight LREE-enrichment. The LREE-depleted patterns of the dark core of apatite porphyroblasts in the muscovite schist from the ore zone (Fig. 3a ) cannot be directly attributed to their host-rock REE composition, but may be explained by a preferential leaching of LREE to form the LREE-enriched inclusions of monazite (below).
Monazite, on the other hand, is well-known for its preference for LREE (Murata et at., 1953; Semenov, 1958; Felsche, 1976) . The REE compositions of monazite in the matrix and cross-cutting veins of various rock types of the Hemlo gold deposit do indeed reflect their respective hostrock REE compositions (Pan and Fleet, 1990; 1991a) . The distinct REE compositions of the monazite inclusions must then arise from their relationships with the host apatite porphyroblasts. In a separate study on the formation of rare earth minerals from titanite during late hydrothermal activity, Pan et al. (1993) observed that the titanite hosts are characterised by a prominent LREE depletion, whereas the rare earth minerals, including allanite, bastn~isite and monazite, in the alteration assemblages, are unusually enriched in LREE (and depleted in HREE). Mass-balance calculations indicated that a preferential leaching of LREE from the titanite hosts and a selective transfer of HREE out of the alteration assemblages both contributed to the REE compositions of the rare earth minerals (Pan et al., 1993) . Analogous processes probably contributed to the REE compositions of the monazite inclusions in the apatite porphyroblasts of this study. However, a direct evaluation of these two mechanisms (leaching and transfer) cannot be made in the present case because the original REE composition of the apatite host is unknown. Tbe REE composition of the pleochroic core of the apatite from the hanging-wall (Table 1 ; Fig. 3b ) is presumably pristine, but there is no basis for assuming that this is representative of the apatite porphyroblasts prior to their alteration.
A preferential leaching of LREE relative to HREE from the lattice of the apatite porphyroblasts from the ore zone is inferred from the marked LREE depletion of the dark core (Fig.  3a) and the formation of the unusually LREEenriched monazite inclusions (Fig. 4) . However, Watson et al. (1985) demonstrated experimentally that all REE have a similar diffusion rate in the apatite lattice at high-temperature but did caution any extrapolation to low-temperature. It is possible also that there was a selective transfer of HREE out of the apatite porphyroblasts, because of the increased stability of REE com-plexes (fluorides, carbonates, etc.) with increasing atomic number (Wood, 1990; Pan et al., 1993 and references therein) under hydrothermal conditions. It is noteworthy that HREE have almost certainly been leached from apatite in the Gloserheia granite pegmatite (Amli, 1975) but were mainly fixed in xenotime inclusions within the apatite hosts. The absence of xenotime inclusions in the apatite porphyroblasts from the ore zone of the Hemlo gold deposit is probably attributable to the low Y-content of the host crystals (Table 1) .
